Abstract: A theoretical analysis of the direct initiation of gaseous detonations by an energy source has been published recently, the results are recalled here. Nonlinear curvature effects are proved to be essential mechanisms controlling the critical condition. These effects are first studied in a quasi-steady (q-s) state approximation valid for a characteristic time scale much larger than the reaction time scale. Two branches of q-s solutions are exhibited with a C-shaped curve and a critical radius below which generalised ChapmanJouguet (CJ) solutions cannot exist. At ordinary conditions this critical radius is much larger than the thickness of the plane CJ detonation front (typically 300 to 500 times larger). Direct numerical simulations show that the upper branch of q-s solutions, acts as an attractor of the unsteady blast waves originating from a sufficiently strong energy source. The criterion of initiation derived here works to a good approximation and exhibits the huge numerical factor (lo6 -lo8) which is observed in the experimental data of the critical energy source and which was not explainedup to now. Transient may induce additional failure mechanisms close to the critical condition.
INTRODUCTION
Direct initiation of gaseous detonation by an energy source is an old problem which has been reviewed by Lee in 1977 and 1984 [I] , 121. For a subcritical level of the total energy of the igniter Es, Es < Ec, the shock wave decays continuously, the reaction front separates from the inert shock, and a premixed flame is finally ignited. With an energy larger than the critical value Ec, Es>Ec, the shock wave and the reaction layer remain always coupled; the strong overdriven detonation originating from the source relaxes to a CJ detonation wave propagating at a constant velocity, DCJ. The onset of this CJ detonation occurs at a distance from the point source increasing with the energy of the igniter E, , R*(Es) = (Eslp0Q)ln, where Q is the heat release per unit mass. A critical radius Rc = R*(Ec) has been identified experimentally at the critical condition. No CJ detonation can be observed with a front radius Rs smaller than Rc which is about twenty times larger than the cell spacing size which is itself ten to fifty times larger than the thickness of the reaction zone of a planar detonation (see Desbordes [3] ). The existing theoretical models for the critical conditions were essentially phenomenological. Zeldovich et al. [4] provided the first criterion: a successful initiation occurs when the timenecessary for the blast wave to decay to the level of the leading shock of a planar CJ detonation is larger than the chemical induction time zi at the Neuman spike of a CJ detonation.
The kinetics data available at that time were too inaccurate for providing a meaningful experimental check of this criterion. The corresponding critical conditions are wrong by many orders of magIlitude indeed. They may be estimated from the self-similar solution of Taylor [5] and Sedov [6] for strong adiabatic blast waves generated by an instantaneous deposition of energy at a point, Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1995435 E~ = kj [(i+3) l2j+lp0 Di+3 d+1 +* E, = kj po ~2 Rsj+l (I) where j = 0, 1, 2 in the planar, cylindrical and spherical geometry respectively, po is the gas density of the initial mixture, D and R, are the shock velocity and the radius of the shock wave at any instant of time T, -Es is the energy of the point source and $ is a dimensionlessconstant of order unity. The critical energy and radius are evaluated from (1) by replacing D by DCJ and 2 by zi. This criterion yields a critical radius of the same order of magnitude as the thickness of the detonationRc = liCJ = DCJzi , in contradiction with the experiments of Desbordes [3] Rc = 300 liCJ. When the relationRc = liCJ is used, the criticalenergy obtainedfrom (I), Ec = po DCJ2 liCJ J+l, is roughly speaking the chemicalenergy available in a sphere of radius the detonation thickness (for a large Mach number, D~~~ = 2 ( + -1 )~ ). As shown later by Edwards et al. [7] who used accurate data for liCJ, the natural energy scale po DCJ2 liCJ j+l is much smaller than the experimental data of criticalenergy for a detonationinitiation by many orders of magnitude 1 0~-1 0~. Other phenomenological criteria have been derived later in a similar way but by replacing liCJ by much larger lengthscales as theses obtained from measurements of cell sizes or critical tube diameters, see Lee [I-21 .
The best phenomenological fits have been obtained with a "magic ratio" 1314 the cell size. Correlations with the cell size seem fortuitous; the initiation conditions are the same for mixtures in which detonation fronts have no cell structure, as is more likely the case for warm hydrogen mixtures encountered in safety problems of some nuclear plans.
In a recent theoretical work [8] we have shown that the critical conditions for a direct initiation of a gaseous detonations by a point source are governed by a nonlinear curvature effect presenting some analogies with a quenching phenomenon. The main steps of this analysis are briefly reported at this conference. The point source approximation is valid when the characteristic size of the igniter is much smaller than Rc and when the deposition time of energy is much smaller than the induction time zi. Then, when multi-dimensional effects such as those governing the cell structures, are neglected, a successful initiation may be viewed as a transition between two self-similar regimes: i) At early times, the total heat released by the chemical reactions is negligibly small compared to Es, the self-similar solution of Taylor and Sedov for strong adiabatic blast waves hold.
ii) At sufficiently long times after a successful initiation, Es becomes negligibly small compared to the energy released by the chemical reactions. And, in the case of a stable detonation, the solution is well approximated by the self-sustained wave of Zeldovich [9] and Taylor [lo] constituted by a smooth detonation front expanding at a constant CJ velocity and followed by a self-similar rarefaction wave.
Numerical solutions of a "detonation-wave model" were carried out by Korobeinikov [I21 to describe such a transition in the limit of an infinitely fast chemical rate (zi -+ 0). The detonation front was considered as a discontinuity with Rankine-Hugoniot jump conditions. No critical condition of initiation is observed in this work; the onset of the CJ detonation occurs in spherical geometry at R*(Es) = (1.3 E~/~~Q~/~ for a specific heat ratio of 1.3, whatever be Es. This shows clearly that the physical mechanisms governing the critical conditions are associated with those involved inside the inner detonation structure and characterised by a finite chemical time (length) scale T~ (detonation thickness li = zi DC J). The interesting question to answer is how such small effects may induce so strong effects as those responsible for critical conditions which involve a so large critical radius, typically 300 the CJ detonation thickness ? As for flamesquenching [13- 141, the answer lies on an amplification by a large sensitivity to temperature of the reaction rate. A small curvature of the detonation front may have a drastic effect upon the inner structure of the detonation wave in a way similar to quenching of planar detonations by momentum losses which was described by Zeldovich [15] for representing detonations propagating in rough tubes. A difficulty for solving analytically the initiation problem is its strong unsteady character. It turns out that a quasi-steady approximation of the detonationstructure allows to capture the essential physical mechanisms including the right order of magnitude determined from experiments.
THE BASIC EQUATIONS
When the molecular transport are neglected and when the chemical reaction is modelled by an exothermic irreversible one-step reaction, the unsteady and one-dimensional conservation equations are (2. la) (2.lb) with j = 0, 1 and 2 in the planar, cylindrical and spherical geometry and with
for a polytropic gas. In these equations p, p, T, E and y are respectively the pressure, density, temperature, specific energy and reactant mass fraction. These variables have been dimensionless by reference to the preshock state; pipo + p, p/po -+ p, T/To + T, Efpo + E. The velocity is denoted u after nondimensionalization through division by eddy where co is the sound speed at the preshock state and y is the 
NONLINEAR CURVATURE EFFECT
In the study of detonation structures with a radius of front curvature much larger than the detonation thickness, Rs >> 1, 5 may be neglectedin (Rs -5). The reference time scale which has been used is of the same order of magnitude as the intrinsic reaction time characterising the internal detonation structure. In the quasi-steady state approximation when the characteristic time of evolution is much longer than this reaction time, unsteady terms may be neglected. Then, in the framework of such multiple scales assumptions, the governing equations for the structure of a curved detonation reduce at the leading order to the following system of first order ordinary differential equations, (3.la) (3. lb) (3. lc) (3.ld) This quasi-steady approximation i s meaningful whenever the unsteady terms are smaller than the perturbative curvature effects. The additional curvature term on the r.h.s. of (3. la-b) are to be considered as perturbations, Rs>>l. When they are omitted, eqs.(3. la-c) reduce to the ordinary conservative system describing planar detonations. But even small, the curvature terms change the phase portrait. After elimination of p and p, eqs. Rs referred below as D(Rs), has been obtained from the marginal solution D+ [17] .
Our analysis [8] shows that there exists indeed another branch of marginal solutions D-(Rs) @-< D, ) with solutions for D < D-. Due to nonlinear effects the D(R,) curve has a C-shaped form with a critical radius Rc. An analytical solution of (3.la-c) has been obtained in ref [8] for describing the nonlinear curvature effects in the framework of a square-wave model yielding a nonlinear relation for Dms). For R,> Rc, the velocity spectrum of quasi steady detonations is unbounded but presents two extrema. One, D+, is a local minimum and the other D a local maximum, with a forbidden band [D+, D-1. An analytical expression for the critical radius Rc below which no generalised CJ solution exists, is obtained. When compared with numericalsolutions of (3.la-c) for an Arrhenius law, these analyticalresults show a good accuracy. They yield also an analytical determination of the critical energy of direct initiation.These result are briefly recalled below.
Square-wave model
The square-wave model is defined in a phenomenological way as follows. The chemical reaction is assumed to proceed in two sequential steps. The heat is released during a reaction time 2, after a time delay called the induction timezi. The square-wave model corresponds to the limitz, / 3 -+ 0. The reaction rate w becomes singular, and the heat release is localised within a thin exothermic layer considered as a discontinuity following the shock wave at a distance li defined as li= VN' Ti, (3.3a) where by definition of the reference length scale used in (2. la-d), licJ = O(1). The induction time is highly sensitive to the temperature fluctuations of the shocked gas just downstream the shock wave, 6TN. Let P be the large nondimensional reduced activation energy, (6zi/zi) / (6TN/TN) = O(P), with P >>I, then, liflicJ = exp {-p (TN -TNCJ)/rNCJ } valid for P >>I, (3.3b) where subscripts N and CJ denote the state at the shock and the planar CJ case respectively. Relation (3.3b) may be obtained from an Arrhenius law at the leading order of an asymptotic expansion in the limit p ++w (see Appendix of ref. [8] ). This simplified model is sufficient to pick up theessential phenomena as well as the right orders of magnitude. Such a singular model is known from a long time to introduce spurious singularities when it is used for describing the intrinsic dynamics of a detonation front which develops on a characteristic time scale zi 118-191. These problems, including the nonlinear dynamics of galloping detonations, have been very recently solved also analytically [20-211 . However the square-wave model has been proved already to be very powerful to describe criticalconditions associated with quasisteady mechanisms developing on a time scale longer than zi and which are stressed by a high sensitivity of the induction time [22] . When the attention is focused on cases where P >>1 and R, = O(P), the curvature terms in the r.h.s. of (3.1 a-b) being small, of the same order of magnitude as 1/P, the variations of the C4-436 JOURNAL DE PHYSIQUE I V shocked gas temperature from its value in the planar case are also small, 6TN/TN = 0(1/P). But strong nonlinear effects are included at the leading order of the limit P -++m ; according to the high sensitivity to TN in (3.3), one has (6zi/zi) = O(1) and (61i/li) = O(1). In the square-wave model, the thickness of the reaction zone is negligible and the curvature effects modify only the induction zone which does not consume the reactant, y = 1. The l/Rs terms being negligible in the thin exothermic zone, this last one is described in the phase plane by the same equations as in the planar case, but with a different initial condition at y = 1, v2 + vN2(D) resulting from the curvature induced modifications across the induction zone. As for the planar case, the marginal solutions of the square wave model may be obtained directly from the conservation laws across the detonation structure without investigating the phase space. These conservation laws are readily obtained by a 5-integration of (3. la-c) across the detonation structure and may be written in a dimensionless form as: .Y2 (9 -1) I j (liCJIRs) ( 3 . 9~) which corresponds to a linear result obtained in the particular case of a one-step first-order reaction governed by an Arrhenius law at the limitof an infinitely large activation energy [17] . Finally, notice that the numerical factor in the r.h.s. of (3.9a) which is of order unity in the asymptotic limit P+-and which controls the numerical value of the critical radius, is a larger number 8ej/(l-y2) = 90 for ~1 . 4 and j= 2 (spherical detonation). Thus, for ordinary values of the reduced activation energy based on the temperature at the Neumann spike, P = E p N C J = 5 to 10, the critical radius is 400 to 900 times larger than the detonation thickness while the corresponding relative modification of the detonation velocity (3.9b) is small, 10-I to 5
Thus, the origin of the large value of RJIiCJ is clearly exhibited by the analytical results of the square wave model. These results are confirmed by those obtained by a numerical integration in the phase space of (3.1-2) with an Arrheniuslaw [8] . The criticalvalue is well approximated by (3.9a). 
DIRECT INITIATION
The selection mechanism of the CJ solution is worth recalling at this stage (see for example Landau and Lifchitz, [Ill) . Faster detonations waves are associated with a subsonic flow in the referential frame of the leading shock. Thus, the shock intensity is continuously weakened (down to CJ) by the rarefaction wave which has a leading weak discontinuity travelling at a sonic velocity relatively to the burned gases. This damping effect is screened only at the marginal CJ regime of propagation by a sonic condition of the flow at the end of the chemical reaction. Following the same idea, a selection mechanism may be predicted in the presence of curvature effects. Due to the rarefaction wave in the burned gas of an expanding overdriven detonation ( D(t) z D, ) which are initially generated by a point source explosion, the upper branch D, of marginal solutions (minimum velocity) is naturally selected from above. The shock velocity of the solutions of the other set ( D < D-) is continuously decreased; the marginal D-solution (local maximum) can never be selected. Thus the upper branch of marginalsolutions D+ is predicted to act as an attractor for the unsteady blast waves generated by a sufficiently strong energy source. But this D+branch is not always caught; in such circumstances the detonation wave dies out. Consider the direct initiationof a detonation by an energy source Es. As discussed in the introduction, the initial stages correspond to the self-similar solution of a strong adiabatic blast wave (1.1) which is represented by a curve in the D-Rs plane, Ignition failures may be predicted for source energies Es for which the D-Rs curve do not cross the upper branch D+ (see case 1 in Fig. 1 ). Successful initiations are expected in the opposite case (see case 3 and 4 in Fig. 1) . As a result, a criticalenergy Ec may be evaluated from (4.1) by replacingRs by Rc and D by Dc ( = DC J), yielding the following approximate criterion when (3.9a-b) is used,
. .
Equation (4.
2) defines the critical energy which exhibits a huge factor (RgiCJ Y + l = (8ejj39/(? -l ) j f l with an order of magnitude ranging from lo7 to lo9 in the spherical case. The numerical simulations of a direct detonation initiation by an energy source confirm these predictions [8] [23]. Solutions corresponding to four values of the energy source are shown in figure 1 where the two branches of marginal quasi-steady solutions, D+ and D-, are also plotted for comparison.
DISCUSSION OF THE RESULTS
The results presented in this paper show clearly that the criterion for a direct detonation initiation by an energy source in cylindrical and spherical geometry is directly controlled by nonlinear curvature effects of the detonation front, at least in the range of parameters where the planar detonation is not strongly unstable. Considering the unsteady effects one must first discuss the validity of the quasi-steady state approximation used in (3.la-d). The characteristic evolution rate on the D+ branch, l / b = dD+/dRs, is given far enough from the turning point by (3.9~). yielding lite = 4 j 9 ( 9 -1)-loiCJ AiCJ). The neglected unsteady terms a/& in (3.la-d), are effectively of the following order in the large radius expansion zi/te = O((liCJ IR,)~). Such an approximation does not hold close to the critical point where dD+/dRs -+ -but this does not change the final results because the divergence affects only a small vicinity of the critical point. More important are the unsteady effects related to the intrinsic dynamics of detonations (see ref. for recent theoretical results). The detonation is known to become unstable for a sufficiently high activation energy and the instability mechanism is reinforced when approaching the critical point. Another problem is the dynamics of the selection mechanism of the D+ branch which is unknown. The corresponding unsteady effects are enlightened by a comparativenumerical study of the ignition problem in planar geometry. For the same set of parameters the critical size is much smaller than the critical radius in spherical geometry. This points out that the curvature effects are dominant in spherical and cylindrical geometries. Good order of magnitudes are obtained with our simple theory. But the unsteady effects cannot be ignored for an accurate prediction of the critical conditions and more specially for strongly unstable detonations. The multidimensional effects remain an open question.
